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ABSTRACT 
Virtual reality (VR) technology has been capturing the public imagination for decades. VR software 
applications that allow for interactive immersion are  emerging as a renowned medium in many areas, 
including educating the public in biochemistry-related subjects via public engagement events. This 10 
report provides information about an immersive, interactive and educational vir tual reality (VR) game 
named Bug Off Pain that increases scientific literacy about chronic pain and spider venoms among the 
public and high school students. Here, VR was shown to be an innovative and fun approach to 
learning and public engagement in biochemistry. Bug Off Pain places the viewer inside the brain and 
shows the molecular system that allows people to sense pain. After securing three (learning) points via 15 
the multimedia-based clips, this experience translates to the interactive game. Here, a player has to 
choose a venom that shuts down the pain until that results in “pain over .” Bug Off Pain can be played 
(free of charge) on two different VR platforms; Oculus Rift and Android devices.    
GRAPHICAL ABSTRACT 
 20 
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INTRODUCTION 
 25 
Scientists, educators, and policymakers continue to face challenges when it comes to finding effective 
approaches to engage the public on scientific research and communicate their findings in a 
meaningful fashion.1 This quest has harnessed digital technology to benefit engagement in Science, 
Technology, Engineering, and Mathematics (STEM) by melding education, active learning, science 
communication and popular culture in an informal educational setting. Four of the most recent 30 
examples include “ReAction! Chemistry in the Movies”2, “Wow”3, “PubScience”4 and “SciPop Talks”.5 
In the same respect, gamification (the application of game design elements and mechanics to engage 
users and solve problems) can encourage learning and enhance public interest in STEM-related 
subjects.6  Various research groups have employed game aspects in teaching organic chemistry, and 
their educational software known as Chairs!;7 Chirality-2;8 and Say My Name,9 have shown positive 35 
effects on student academic performance, and engagement. Whereas these are excellent examples of 
using games as an educational tool for teaching chemistry, none of them tried to apply the same to 
virtual reality (VR).  
Several authors have recently suggested that incorporating aspects of gaming into interactive learning 
environments, such as VR, could be more effective in terms of improving learning outcomes, “makes 40 
learning fun” and offers powerful tools for “learning through doing,” as discussed in two 
comprehensive reviews.10-11 Moreover, VR games have enormous appeal, reaching an audience of 
hundreds of thousands to millions.12-13 Taken together with the difficulties enticing a general audience 
to STEM outreach activities and regaining the public’s trust in chemistry-related subjects,14 VR games 
might be an alternative medium for STEM outreach and education with an aim to increase mass 45 
interest, engagement and appreciation of chemistry.11, 15-16   
Given this importance, several works have reported remarkably successful VR/AR methods to 
chemistry outreach and education such as EduChem VR;17 VR-Engage;18 AR calorimetric titration 
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app;19 and others such as Water VR, Molecular Zoo and Fishtank.20  Barret et al.21 applied mixed 
reality (MR) in chemical outreach and education that resulted in enhanced le arning outcomes. Yet, 50 
none of them attempted to gamify any of the relevant biochemistry research topics in VR, and evaluate 
them accordingly.  Since the primary research focus in our labs is the study of the spider venoms and 
their therapeutic applications for chronic pain diseases, we have chosen VR as the educational tool to 
present, communicate, increase awareness, and educate the public on harnessing the chemistry of 
venoms from spiders for its medical applications.22 Furthermore, this topic has not been utilized in 55 
VR-environment until now.   
This context motivated us to create Bug Off Pain – a VR game that aims to take the pain out of public 
engagement and helps to bridge the gap between scientific and non-scientific community (general 
public). Here, we report the development and implementation of an integrated three-dimensional 
educational VR-based game that may assist the general public in their understanding of the 60 
biochemistry behind the venoms in relation to chronic pain. Bug Off Pain is available for free 
worldwide on both Oculus Rift (computer) and Android (mobile) platforms by downloading the game or 
scanning its QR code, listed as Figure S3 (see Supplemental Information).23   
THE GAME 
 65 
The game was developed using the Unity3D platform and designed to be an immersive, interactive and 
easy-to-play VR game that allows the general public to learn about the biochemistry of venoms in 
relation to chronic pain. The story of the VR game Bug Off Pain incorporates a lot of elements from 
theatrical movies. The ultimate goal of the player is to navigate through the virtual world to find the 
right spider venom that shuts down pain signaling. To achieve this goal, the players have to gain three 70 
points by watching educational animated clips. The player initially begins by positioning themselves in 
the theatre (Figure 1A).  
 
 
 75 
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Figure 1. Various VR environments. A: Model of our academy theatre in the virtual reality environment. B: Close-up of the nervous system as 
part of the f irst movie. C, D: Exploiting the chemistry behind the cone snail peptide ziconotide (C) and low  molecular w eight compounds (D) 
that are found in the animal venoms 
 
After finding a screen element “play,” the player starts by watching the first animated clip “Pain: Why 80 
does it hurt so much?” which is embedded into the game, and learning about the neuroscience behind 
chronic pain (Figure 1B). As soon as the player gets the first point, a new video appears. By clicking 
the right arrow on the user interface, followed by “play,” the player starts watching another clip (Figure 
1C-D) and gets familiar with the chemical structures of some of the major components in the venoms.  
Here, one is educated on the biochemistry of toxins from venoms which can be either low-molecular-85 
weight compounds, peptides, and proteins. Usually, small molecules consist of salts, carbohydrates, 
amines (neurotransmitters such as serotonin and noradrenaline), acids, and acylpolyamines. Peptides, 
meanwhile, are the main component in most spider venoms.  These can be either linear or disulfide-
containing peptides. Finally, the higher molecular weight components include enzymes and more 
abundant proteins.24 In the game, the player is educated how this same venom’s chemical diversity 90 
makes them candidates for either acute or chronic pain.  As soon as the player gets another point and 
clicks on the right arrow again (Figure 1D), they are transformed into the final scene: a 3D-movie 
(Figure 2).  
 
 95 
 
 
 
 
Figure 2.  3D-movie that allow s the player to travel inside the brain  100 
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By listening to the voice-over narration, the player learns how different cells, such as neurons and 
microglia are involved in chronic pain and what their contribution is (Figure 3). 
 
 
 105 
 
 
 
 
Figure 3.  Representation of one specif ic target (purinergic receptor)  110 
in the brain (PDB: 4DW1) 
 
This experience ends when the player gets the final (third) point. Straight afterward that same -protein 
target appears on the main theatre’s stage , and various spiders drop down from the theatre ceiling. 
Additional instructions are provided in the game so the player can familiarize themselves with these 115 
surroundings. To start the game, the players must click on the individual spider. Each of them spits a 
venom (depicted as a building block that comes in various colors and shapes), and the player has to 
figure out the way on how to best “hit” the target on the stage with one particular “venom ” (building 
block). Some venoms are active towards a target, and others are not.  
If the player chooses the spider with the inactive venom, their venom is rejected by the target once 120 
probed, and the player cannot click on that spider anymore . Thus, after each inactive venom, the 
player must click another spider for a new venom to appear. However, the player is not penalized for 
their unsuccessful attempts (Figure 4).  
 
 125 
 
 
 
 
 130 
 
Figure 4.  VR environment after probing the w rong venoms    
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Still, after four failed attempts, the largest of spiders (tarantula) drops down from the ceiling and spits 
another “venom.”  The game finishes when a player drags that last venom to the target. That particular 135 
venom sticks to the target protein and fireworks appear (Figure 5). 
 
 
 
 140 
 
 
 
 
 145 
Figure 5.  VR environment after probing the right venom  
 
 
The player then gets to see a plot summary and how identifying the right spider venom towards these 
protein targets might bring novel discoveries to the research community one day. After finishing the 150 
game, the credits appear and the players can share their score and feedback to our website where we 
can gather their feedback for our research evaluation.   
For the details on other software tools, 3D models, and voice-over contributions, please see the 
Supplemental Information. 
RESULTS AND DISCUSSION  155 
Evaluation of general public opinions about Bug Off Pain 
 
After Bug Off Pain’s successful launch at the Norwich Science Festival in 2017, the game has also 
been very favorably received at academic conferences, online and other events, such as “Cambridge 
Science Festival,” “Norwich Gaming Festival” and “UEA Innovation Showcase” in 2018. Feedback from 160 
the users online or attending these events has been universally positive, with some comm ents listed in 
Table S1. The form that was used to assess public opinion and evaluate feedback from the VR game 
Bug Off Pain is shown in Figure S1 (see the Supporting Information). 
This was obtained manually and electronically through 14 statements with responses based on a 10 
point Likert-type scale (Figure 6).  165 
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 170 
 
 
 
 
 175 
 
 
Figure 6. The survey results show the average Likert scores and their standard deviations for evaluators’ responses by survey statement 
 
The level of agreement with the statements presented a range from 6.02 to 10.0 among evaluators. 180 
These statements are closer to “strongly agree” (8-10) than to “neutral” (4-7) or even “strongly disagree” 
(1-3), so this might reflect an actual trend. With that said, the survey respondents were self-selected, 
so it might not be evident how accurately this sample represents the total public population. Still, on 
the basis of these responses, users indicated that the game is fun, dynamic and easy to play, has an  
attractive design, easy to understand interface and relevant content. The players reported that Bug Off 185 
Pain helped them to shift their perception about STEM-related studies. Moreover, it was suggested 
that extending Bug Off Pain to other STEM-relevant subjects might be useful for engaging and 
educating the public in other chemistry-related topics. However, the scoring system should be more 
carefully considered when designing such games, and a better reward system should be in place. 
The game duration was something we took into serious consideration when designing the game since 190 
experiencing VR-related sickness is common among VR gamers. Evaluators reported zero VR-related 
sickness during the gameplay, probably due to the game duration being between 7-10min. Regan25 
showed that symptoms are most significant at 20 min when almost half of the tested subjects reported 
VR-related sickness, which seems to be in line with our studies. Therefore, the game Bug Off Pain 
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might be a good approach to public engagement via VR, and the gamification of chemistry via the 195 
virtual medium might be considered as an alternative way to STEM outreach activities.  
Evaluation of VR-based learning by the use of Bug Off Pain among high school students   
 
This evaluation was aimed at finding out whether the educational game Bug Off Pain may achieve 
better educational effects in comparison with educational software with no gaming environment. The 200 
evaluation of Bug Off Pain with respect to the educational impact was conducted by a cohort of 44 
high school students (ages 17-18). This evaluation was a study tested with a controlled pretest-
posttest design to analyze the effect of the educational role of Bug Off Pain on the learning and 
understanding of the biochemistry behind the venoms in relation to chronic pain. Here, we conducted 
an experiment where Bug Off Pain was compared to a similar application (video clips) that had a 205 
conventional user interface without any VR game. These video clips are also a major part of the VR 
game Bug Off Pain, but in the control group participants were not subjected to the virtual reality 
environment, nor the game elements. The tested hypothesis was: there is a significant difference 
between learning via utilization of our VR-based game as a complementary educational tool compared 
to video clips (representative of a traditional lecture -type method where textbooks and slide projections 210 
are used).  
Pre-tests and post-tests were analyzed, and their results are presented in Table 1 and Table 2.  
Table 1 shows that in all groups there was an improvement in the average number of correct answers 
(ANCA) in the post-test when compared to the previous pre -test. 
 215 
Table 1. Comparison of Pupils’ average scores by 
Instructional Method  
Assessmenta Mean Scoresa (SD) by Group, N = 22 
 Control Group: 
Video Clips 
Experimental 
Group: VR Game 
Pretest  3.045 (1.397) 3.818 (0.958) 
Post-test  5.773 (1.110) 8.696 (1.093) 
Av. Score 
Differences 
2.323 4.878 
a The scale has a range of 1-10 
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By doing the multiple comparison (two-way ANOVA and Wilcoxon test) between the relative di fferences 
of the ANCA (p< 0.05), we can conclude that there was a significant improvement (p=0.002, ***) in the 
ANCA in the experimental group (EG) than in the control group (CG). Lastly, the calculation of the 
effect size (Cohen’s d value) between post-test (video) clips and post-test (VR game) was considered. 
This assessment showed the effect size to be very large (d>2) based on benchmarks suggestion by 220 
Cohen and others.26-27 This emphasized that the size of the differences between these two groups is 
substantial. Therefore, the effectiveness of the instructional role of the game in promoting learning 
about chronic pain and the biochemistry of venoms via a VR medium is demonstrated by these data 
(Table 2, Figure S2).   
 225 
Table 2. Comparative Student Performance Relative to 
Instructional Method  
Structure of Analysis 
P value  b 
(N = 22) 
Cohen’s d 
value 
Video clips (pretest vs posttest) 0.0001 2.16 
VR Game (pretest vs posttest) <0.0001 4.76 
∆video clipsa vs ∆VR gamea 0.0002 NA 
Posttest (video clips vs VR game) 0.0001 2.65 
aRelative difference of right answers between pre- or 
posttest. bAll the p values were found to be significant 
(P<0.05) 
 
CONCLUSIONS  
 
It is clear that the development of educational games can allow the traditional public engagement 
process to become more appealing and effective to the general public when permeated with VR tools. 230 
One such example is our multi-platform, immersive, engaging and educational VR game, Bug Off Pain. 
Here, the game’s design and implementation are reported. Bug Off Pain is freely available online,23 and 
it has been tested and evaluated by the general public and high school students. Results show that 
public opinions were positive about playing the game, engaged their learning about biochemistry and 
shifted their perception about spider venoms. The findings of this study demonstrate that the VR game 235 
Bug Off Pain is a useful tool for science communication, education and public engagement about 
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chronic pain and spider venoms. Possible reasons for its valuable educational benefits include not only 
correctly using critical thinking skills and problem-solving abilities, but also framing individual 
creativity and self-direction – all of which stand out as the less-tangible, non-academic benefits, as 
suggested by  Navarrete28 and others.29 However, our game is not intended as a total replacement to 240 
any current effective pedagogy. Instead, this and similar approaches,17-18, 21 may be valuable additions 
to the teaching toolbox that educators can leverage to engage the modern learner. It will be interesting 
to see how these platforms are developed in the not so distant future. 
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